Abstract: Cu 60 Zr 30 Ti 10 metallic glass powder was prepared by mechanically alloying a mixture of pure Cu, Zr, and Ti powders after 5 h of milling. Cu 60 Zr 30 Ti 10 bulk metallic glass (BMG) was synthesized by vacuum hot pressing the as-milled Cu 60 Zr 30 Ti 10 metallic glass powder at 746 K in the pressure range of 0.72-1.20 GPa, and the structure was analyzed through X-ray diffraction and transmission electron microscopy. The pressure could enhance the thermal stability, and prolong the existence, of the amorphous phase inside the Cu 60 Zr 30 Ti 10 powder. Furthermore, the corrosion behavior of the Cu-based BMG in four corrosive media was studied using a potentiodynamic method. The Cu 60 Zr 30 Ti 10 BMG exhibited a low corrosion rate and current density in 1 N solutions of H 2 SO 4 , NaOH, and HNO 3 . X-ray photoelectron spectroscopy results revealed that the formation of Zrand Ti-rich passive oxide layers provides a high corrosion resistance against 1 N H 2 SO 4 and HNO 3 solutions, and the breakdown of the protective film by Cl − attack was responsible for pitting corrosion in a 3 wt % NaCl solution. The formation of oxide films and the nucleation and growth of pitting were analyzed through microstructural investigations.
Introduction
Recently, new metallic glass alloys with a wide supercooled liquid region exceeding 30 K have been prepared in numerous Cu-based alloy systems, such as Cu-Ti-Zr, Cu-Hf-Ti, Cu-Zr-Hf-Ti, Cu-Zr-Ti-Y, Cu-Ti-Zr-Ni-Si, and Cu-Ti-Zr-Ni-Sn systems [1] [2] [3] . Cu-based bulk metallic glasses (BMGs) with diameters ranging from 2 mm to 6 mm have been produced using conventional casting techniques at a low cooling rate [2] . These new alloys are expected to increase the number of application fields of BMGs because of their unique properties, such as high tensile strength, large elastic limits (~2%), and high resistance to corrosion and wear. The defining characteristic of metallic glasses, compared to conventional metallic materials, is their lack of crystallinity, and associated lack of microstructural features, such as grain and phase boundaries [4] . Metallic glasses clearly cannot have the crystallographically-defined slip-systems of polycrystalline metals. In the absence of dislocation-mediated slip, they show high yield stresses, much closer to the theoretical limit than their crystalline counterparts [5] . Therefore, the lack of grain structure and associated microstructural features (e.g., solute segregation) gives corrosion resistance. BMGs exhibited excellent corrosion resistance compared to that of the crystalline alloys. This can be attributed to the beneficial effect of the
Experimental Procedure
Elemental powders of Cu (99.9%, <300 mesh), Ti (99.9%, <100 mesh), and Zr (99.9%, <325 mesh), were weighed to yield the desired composition, Cu 60 Zr 30 Ti 10 , and then canned into an SKH 9 high-speed steel vial together with Cr steel balls in an argon-filled glove box, where a SPEX 8016 shaker (SPEX SamplePrep, Metuchen, NJ, USA) ball mill was used for MA. The details of the MA process are described elsewhere [21] . The bulk samples were prepared by consolidating the as-milled powder in a vacuum hot pressing machine (Giant-asia, Miaoli, Taiwan) at 746 K under a pressure range of 0.72-1.20 GPa. The structure of the as-milled and bulk samples was analyzed using a Siemens D-5000 X-ray diffractometer (CountrySiemens AG, Karlsruhe, Germany). Thermal analysis was performed using a Dupont 2000 differential scanning calorimeter (DSC, CountryTA instruments, New Castle, PA, USA) at a heating rate of 40 K/min. The corrosion characteristics of the alloys were determined on the basis of anodic polarization curves obtained using a potentiodynamic method. Prior to the corrosion tests, the specimens were mechanically polished in cyclohexane with silicon carbide paper up to 2000 grit, degreased in acetone, washed in distilled water, dried in air, and further exposed to air for 24 h to ensure high reproducibility. The potentiodynamic polarization test was performed using the three-electrode principle with a Solartron model 1286A potentiostat (TICS International Ltd., Hounslow, UK), where a platinum electrode was used as the counter electrode and a saturated calomel electrode as the reference electrode. The samples were tested in 1 N solutions of H 2 SO 4 , HNO 3 , and NaOH and a 3 wt % NaCl solution at room temperature. The anodic polarization curves were measured at a potential sweep rate of 1 mV/s after open-circuit immersion for approximately 30 min when the open-circuit potential became almost steady. The morphology of the corroded surface was examined by scanning electron microscopy (SEM, Hitachi High-Technologies Corporation, Tokyo, Japan) and energy dispersive X-ray microanalysis (Hitachi High-Technologies Corporation, Tokyo, Japan) as performed using a Hitachi S-4800. X-ray photoelectron spectroscopy (XPS, VG Scientific , Waltham, MA, USA) measurements for surface analysis of the specimens before and after the electrochemical test in the aforementioned solutions were performed using a VG ESCA Scientific Theta Probe photoelectron spectrometer with monochromatized Al Ka excitation (h ν = 1486.6 eV). Figure 1 depicts the X-ray diffraction pattern of the Cu 60 Zr 30 Ti 10 powder milled for 5 h. A broad diffraction peak at 2θ = 40 • is the main feature of this pattern, indicating that the as-milled powder is amorphous. The thermal stability of the amorphous Cu 60 Zr 30 Ti 10 powder was investigated through differential scanning calorimetry, and the corresponding scans are depicted in Figure 2 . The amorphous powder exhibited an endothermic heat event because of the glass transition; this event is followed by a sharp exothermic peak, indicating successive stepwise transformation from a supercooled liquid state to crystalline phases. The glass transition temperature (T g ) and the crystallization temperature (T x ) are 736 K and 779 K, respectively. The supercooled liquid region ∆T x is 43 K, which is similar to the rapid solidification of Cu 60 Zr 30 Ti 10 BMG (i.e., ∆T x = 42 K [22] , 45 K [23] ). As the ∆T x is known as one of indices of glass forming ability (GFA) [24] , it can be said the alloy has very high glass forming ability.
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Metals 2017, 7, 148 3 of 12 performed using a Hitachi S-4800. X-ray photoelectron spectroscopy (XPS, VG Scientific , Waltham, MA, USA) measurements for surface analysis of the specimens before and after the electrochemical test in the aforementioned solutions were performed using a VG ESCA Scientific Theta Probe photoelectron spectrometer with monochromatized Al Ka excitation (hν = 1486.6 eV). Figure 1 depicts the X-ray diffraction pattern of the Cu60Zr30Ti10 powder milled for 5 h. A broad diffraction peak at 2θ = 40° is the main feature of this pattern, indicating that the as-milled powder is amorphous. The thermal stability of the amorphous Cu60Zr30Ti10 powder was investigated through differential scanning calorimetry, and the corresponding scans are depicted in Figure 2 . The amorphous powder exhibited an endothermic heat event because of the glass transition; this event is followed by a sharp exothermic peak, indicating successive stepwise transformation from a supercooled liquid state to crystalline phases. The glass transition temperature (Tg) and the crystallization temperature (Tx) are 736 K and 779 K, respectively. The supercooled liquid region ΔTx is 43 K, which is similar to the rapid solidification of Cu60Zr30Ti10 BMG (i.e., ΔTx = 42 K [22] , 45 K [23] ). As the ΔTx is known as one of indices of glass forming ability (GFA) [24] , it can be said the alloy has very high glass forming ability. The powder milled for 5 h was consolidated into a disk by using a vacuum hot press operated at 746 K for 30 min under pressures of 0.72, 0.96, and 1.20 GPa. Figure 3 depicts a typical consolidated sample of BMG that exhibited a smooth outer surface and metallic luster. Its polished, cross-sectional view, as examined through SEM, is depicted in Figure 4 . Neither pores nor voids performed using a Hitachi S-4800. X-ray photoelectron spectroscopy (XPS, VG Scientific , Waltham, MA, USA) measurements for surface analysis of the specimens before and after the electrochemical test in the aforementioned solutions were performed using a VG ESCA Scientific Theta Probe photoelectron spectrometer with monochromatized Al Ka excitation (hν = 1486.6 eV). Figure 1 depicts the X-ray diffraction pattern of the Cu60Zr30Ti10 powder milled for 5 h. A broad diffraction peak at 2θ = 40° is the main feature of this pattern, indicating that the as-milled powder is amorphous. The thermal stability of the amorphous Cu60Zr30Ti10 powder was investigated through differential scanning calorimetry, and the corresponding scans are depicted in Figure 2 . The amorphous powder exhibited an endothermic heat event because of the glass transition; this event is followed by a sharp exothermic peak, indicating successive stepwise transformation from a supercooled liquid state to crystalline phases. The glass transition temperature (Tg) and the crystallization temperature (Tx) are 736 K and 779 K, respectively. The supercooled liquid region ΔTx is 43 K, which is similar to the rapid solidification of Cu60Zr30Ti10 BMG (i.e., ΔTx = 42 K [22] , 45 K [23] ). As the ΔTx is known as one of indices of glass forming ability (GFA) [24] , it can be said the alloy has very high glass forming ability. The powder milled for 5 h was consolidated into a disk by using a vacuum hot press operated at 746 K for 30 min under pressures of 0.72, 0.96, and 1.20 GPa. Figure 3 depicts a typical consolidated sample of BMG that exhibited a smooth outer surface and metallic luster. Its polished, cross-sectional view, as examined through SEM, is depicted in Figure 4 . Neither pores nor voids The powder milled for 5 h was consolidated into a disk by using a vacuum hot press operated at 746 K for 30 min under pressures of 0.72, 0.96, and 1.20 GPa. Figure 3 depicts a typical consolidated sample of BMG that exhibited a smooth outer surface and metallic luster. Its polished, cross-sectional view, as examined through SEM, is depicted in Figure 4 . Neither pores nor voids were observed, which indicates that bulk Cu 60 Zr 30 Ti 10 with a highly dense structure was successfully prepared. Transmission electron microscopy was used to examine the amorphization status of the corresponding bulk disk sample. The HRTEM bright field image is shown in Figure 5 . No appreciable contrast revealing the presence of crystalline phases is observed in the bulk sample, indicating it is a homogeneous amorphous phase. The insert shown in Figure 5 presents the selected area diffraction pattern recorded from the matrix, which shows a typical amorphous pattern characterized by a diffuse halo ring. The corresponding X-ray diffraction patterns of these hot-pressed samples are depicted in Figure 6 . All of the samples exhibit amorphous-representing broad diffraction peaks. However, on a decrease in the pressure to 0 GPa (samples with only sintering treatment), the X-ray diffraction pattern exhibits several crystalline peaks at about 40-45 • of 2θ with the broad peak representing the amorphous phase. This result indicates that the consolidation pressure suppressed the crystallization in the Cu 60 Zr 30 Ti 10 BMG. The crystallization behaviors of BMG under high pressure have been extensively studied [25, 26] . In general, the application pressure on BMG has three possible effects [27] . The first effect is densification, which favors the appearance of the closest structure and the crystallization process. The second effect is suppression of atomic mobility, which reduces the atomic diffusion in metallic glasses. The third effect is due to changes in the relative Gibbs free energies of the glassy phase and crystalline phases. In the present study, increasing the pressure to ≥0.72 GPa hindered long-range atomic diffusion in the BMG because the diffusion barrier was elevated by the reduction of volume and the annihilation of excess free volume was caused by high pressure. This means that the second effect of suppression of atomic mobility at higher pressures becomes a dominating factor; thus, the amount of the amorphous phase in the hot-pressed samples increases with increasing pressure. [29] . were observed, which indicates that bulk Cu60Zr30Ti10 with a highly dense structure was successfully prepared. Transmission electron microscopy was used to examine the amorphization status of the corresponding bulk disk sample. The HRTEM bright field image is shown in Figure 5 . No appreciable contrast revealing the presence of crystalline phases is observed in the bulk sample, indicating it is a homogeneous amorphous phase. The insert shown in Figure 5 presents the selected area diffraction pattern recorded from the matrix, which shows a typical amorphous pattern characterized by a diffuse halo ring. The corresponding X-ray diffraction patterns of these hot-pressed samples are depicted in Figure 6 . All of the samples exhibit amorphous-representing broad diffraction peaks. However, on a decrease in the pressure to 0 GPa (samples with only sintering treatment), the X-ray diffraction pattern exhibits several crystalline peaks at about 40-45°of 2θ with the broad peak representing the amorphous phase. This result indicates that the consolidation pressure suppressed the crystallization in the Cu60Zr30Ti10 BMG. The crystallization behaviors of BMG under high pressure have been extensively studied [25, 26] . In general, the application pressure on BMG has three possible effects [27] . The first effect is densification, which favors the appearance of the closest structure and the crystallization process. The second effect is suppression of atomic mobility, which reduces the atomic diffusion in metallic glasses. The third effect is due to changes in the relative Gibbs free energies of the glassy phase and crystalline phases.
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In the present study, increasing the pressure to ≥0.72 GPa hindered long-range atomic diffusion in the BMG because the diffusion barrier was elevated by the reduction of volume and the annihilation of excess free volume was caused by high pressure. This means that the second effect of suppression of atomic mobility at higher pressures becomes a dominating factor; thus, the amount of the amorphous phase in the hot-pressed samples increases with increasing pressure. Similar results have been observed in BMGs such as Al84Ni10Ce6, Al82.5Ni5Y8Co2Zr2.5 [28] , and Zr55Al10Ni5Cu30 [29] . were observed, which indicates that bulk Cu60Zr30Ti10 with a highly dense structure was successfully prepared. Transmission electron microscopy was used to examine the amorphization status of the corresponding bulk disk sample. The HRTEM bright field image is shown in Figure 5 . No appreciable contrast revealing the presence of crystalline phases is observed in the bulk sample, indicating it is a homogeneous amorphous phase. The insert shown in Figure 5 presents the selected area diffraction pattern recorded from the matrix, which shows a typical amorphous pattern characterized by a diffuse halo ring. The corresponding X-ray diffraction patterns of these hot-pressed samples are depicted in Figure 6 . All of the samples exhibit amorphous-representing broad diffraction peaks. However, on a decrease in the pressure to 0 GPa (samples with only sintering treatment), the X-ray diffraction pattern exhibits several crystalline peaks at about 40-45°of 2θ with the broad peak representing the amorphous phase. This result indicates that the consolidation pressure suppressed the crystallization in the Cu60Zr30Ti10 BMG. The crystallization behaviors of BMG under high pressure have been extensively studied [25, 26] . In general, the application pressure on BMG has three possible effects [27] . The first effect is densification, which favors the appearance of the closest structure and the crystallization process. The second effect is suppression of atomic mobility, which reduces the atomic diffusion in metallic glasses. The third effect is due to changes in the relative Gibbs free energies of the glassy phase and crystalline phases.
In the present study, increasing the pressure to ≥0.72 GPa hindered long-range atomic diffusion in the BMG because the diffusion barrier was elevated by the reduction of volume and the annihilation of excess free volume was caused by high pressure. This means that the second effect of suppression of atomic mobility at higher pressures becomes a dominating factor; thus, the amount of the amorphous phase in the hot-pressed samples increases with increasing pressure. Similar results have been observed in BMGs such as Al84Ni10Ce6, Al82.5Ni5Y8Co2Zr2.5 [28] , and Zr55Al10Ni5Cu30 [29] . 
Corrosion Behavior of Cu-Zr-Ti BMG Alloys
The polarization curves for Cu60Zr30Ti10 BMG consolidated at different pressures are depicted in Figures 7. Some crucial data including the corrosion potential (Ec), corrosion current density (ic), passive potential (Ep), and passive current density (ip) derived from the curves are summarized in Table 1 . From the polarization curves in Figure 7 , in acid (1 N H2SO4 and 1 N HNO3) and alkaline (1 N NaOH) solutions, all of the curves are S-type curves on a plot of electrode potential versus the logarithm of the current density. Most of the test samples show an obvious passive region in anodic polarization and the ip is between 10 −3 and 10 −5 A·cm −2 . Since no pitting corrosion was observed in the alloys polarized in acid solution at a potential up to 0.5 V, the alloys are suggested to tend to form stable protective surface films immediately in 1 N H2SO4 and 1 N HNO3 solutions. However, for the samples in 1 N NaOH solutions, at a potential of approximately 0.5 V, the anodic current density increases rapidly with potential, which could be because of transpassive dissolution of the alloys. At the beginning of polarization, the current values are scattered, as represented by two or three active current peaks. Metastable pitting corrosion on surface defects, such as micropores formed during consolidation or the competition between the formation of active CuO and passive ZrO2 and TiO2 
The polarization curves for Cu 60 Zr 30 Ti 10 BMG consolidated at different pressures are depicted in Figure 7 . Some crucial data including the corrosion potential (E c ), corrosion current density (i c ), passive potential (E p ), and passive current density (i p ) derived from the curves are summarized in Table 1 . From the polarization curves in Figure 7 , in acid (1 N H 2 SO 4 and 1 N HNO 3 ) and alkaline (1 N NaOH) solutions, all of the curves are S-type curves on a plot of electrode potential versus the logarithm of the current density. Most of the test samples show an obvious passive region in anodic polarization and the i p is between 10 −3 and 10 −5 A·cm −2 . Since no pitting corrosion was observed in the alloys polarized in acid solution at a potential up to 0.5 V, the alloys are suggested to tend to form stable protective surface films immediately in 1 N H 2 SO 4 and 1 N HNO 3 solutions. However, for the samples in 1 N NaOH solutions, at a potential of approximately 0.5 V, the anodic current density increases rapidly with potential, which could be because of transpassive dissolution of the alloys. At the beginning of polarization, the current values are scattered, as represented by two or three active current peaks. Metastable pitting corrosion on surface defects, such as micropores formed during consolidation or the competition between the formation of active CuO and passive ZrO 2 and TiO 2 surface layers, may have caused this scattering. A detailed study on the appearance of this specific behavior is underway. In the 3 wt % NaCl solution, the samples consolidated at lower pressures (0.72 and 0.96 GPa), underwent active dissolution immediately after the open circuit E c was reached, possibly because of the unstable surface films of the alloys in the Cl − -containing solutions. However, in a sample consolidated at high pressure (1.20 GPa), the alloy was spontaneously passivated with an i p of approximately 10 −3 A·cm −2 . The effect of consolidation pressure on the corrosion resistance of Cu 60 Zr 30 Ti 10 BMG was evaluated by comparing the E c and i c listed in Table 1 . An increase in pressure was observed to reduce the i c . This implies that the Cu 60 Zr 30 Ti 10 BMG consolidated with high pressure exhibits improved corrosion resistance against various corrosive solutions. The results are as expected because the density of Cu 60 Zr 30 Ti 10 BMG increases with pressure during consolidation. Furthermore, compared with the casting samples of Cu 60 Zr 30 Ti 10 BMG [22] , the passive region of the potentiodynamic polarization curves exhibits an unsettled undulation in the 1 N H 2 SO 4 and HNO 3 solutions. In the 3 wt % NaCl solution, a pitting attack was not observed. In acid (1 N H 2 SO 4 and 1 N HNO 3 ) and alkaline (1 N NaOH) solutions, the surface morphology of the Cu 60 Zr 30 Ti 10 BMG exhibited a passive state according to the polarization curve, representing the occurrence of pit corrosion on the sample surface. These results suggest that the passive films formed on the casting sample surface are more unstable in alkaline solutions than in 1 N H 2 SO 4 and HNO 3 , and 3 wt % NaCl solutions after polarization tests, indicating that a weaker surface film is responsible for the lower corrosion resistance. Table 1 . An increase in pressure was observed to reduce the ic. This implies that the Cu60Zr30Ti10 BMG consolidated with high pressure exhibits improved corrosion resistance against various corrosive solutions. The results are as expected because the density of Cu60Zr30Ti10 BMG increases with pressure during consolidation. Furthermore, compared with the casting samples of Cu60Zr30Ti10 BMG [22] , the passive region of the potentiodynamic polarization curves exhibits an unsettled undulation in the 1 N H2SO4 and HNO3 solutions. In the 3 wt % NaCl solution, a pitting attack was not observed. In acid (1 N H2SO4 and 1 N HNO3) and alkaline (1 N NaOH) solutions, the surface morphology of the Cu60Zr30Ti10 BMG exhibited a passive state according to the polarization curve, representing the occurrence of pit corrosion on the sample surface. These results suggest that the passive films formed on the casting sample surface are more unstable in alkaline solutions than in 1 N H2SO4 and HNO3, and 3 wt % NaCl solutions after polarization tests, indicating that a weaker surface film is responsible for the lower corrosion resistance. Figure 8 . The SEM observations were recorded after potentiodynamic polarization to determine whether a pitting attack had occurred. In acid (1 N H 2 SO 4 and 1 N HNO 3 ) and alkaline (1 N NaOH) solutions, the surface morphology of the Cu 60 Zr 30 Ti 10 BMG alloy did not exhibit obvious pits, indicating that the glassy alloy, after polarization in these solutions, appeared to have a homogeneous surface morphology. Moreover, from the polarization curves of the glassy alloy in these solutions, the Cu 60 Zr 30 Ti 10 BMG alloy appeared highly resistant to corrosion, or the corrosion rate decreased because of the formation of uniform passive films. By contrast, the surface morphology of the Cu 60 Zr 30 Ti 10 BMG alloy after the polarization test in the 3 wt % NaCl solution was very different from that after polarization in the other three solutions, indicating that the surface is not uniformly corroded in the Cl − -containing solution. The surface morphology was not even for the BMG alloy after polarization in the 3 wt % NaCl solution; many deep corrosion pits were dispersed at the surface (Figure 8d ). Figure 9 depicts SEM micrographs of the corroded surface of the Cu 60 Zr 30 Ti 10 BMG alloy consolidated at 746 K under different pressures in 3 wt % NaCl solutions. In all of the cases, characteristics of the active nature, represented by deep corrosion pits, were observed in these glassy alloys in the NaCl solution. Moreover, the range and size of corrosion pitting gradually increased with a decrease in pressure from 1.2 to 0.72 GPa. This result indicates that the Cu 60 Zr 30 Ti 10 BMG alloy was corroded in the NaCl solution because of the presence of Cl − ; rapid, extremely-localized pit growth occurred, leading to the breakdown of the passive film, as evidenced by the pits formed in the NaCl solution ( Figure 9 ). As indicated in Li's study [30] , BMGs containing high Cu content usually exhibit poor corrosion resistance in chloride ion-containing solutions due to the formation of soluble porous Cu-Cl films. The dissolution of elemental Cu led to pitting corrosion and the breakdown of the passive film. Figure 8 . The SEM observations were recorded after potentiodynamic polarization to determine whether a pitting attack had occurred. In acid (1 N H2SO4 and 1 N HNO3) and alkaline (1 N NaOH) solutions, the surface morphology of the Cu60Zr30Ti10 BMG alloy did not exhibit obvious pits, indicating that the glassy alloy, after polarization in these solutions, appeared to have a homogeneous surface morphology. Moreover, from the polarization curves of the glassy alloy in these solutions, the Cu60Zr30Ti10 BMG alloy appeared highly resistant to corrosion, or the corrosion rate decreased because of the formation of uniform passive films. By contrast, the surface morphology of the Cu60Zr30Ti10 BMG alloy after the polarization test in the 3 wt % NaCl solution was very different from that after polarization in the other three solutions, indicating that the surface is not uniformly corroded in the Cl − -containing solution. The surface morphology was not even for the BMG alloy after polarization in the 3 wt % NaCl solution; many deep corrosion pits were dispersed at the surface (Figure 8d ). Figure 9 depicts SEM micrographs of the corroded surface of the Cu60Zr30Ti10 BMG alloy consolidated at 746 K under different pressures in 3 wt % NaCl solutions. In all of the cases, characteristics of the active nature, represented by deep corrosion pits, were observed in these glassy alloys in the NaCl solution. Moreover, the range and size of corrosion pitting gradually increased with a decrease in pressure from 1.2 to 0.72 GPa. This result indicates that the Cu60Zr30Ti10 BMG alloy was corroded in the NaCl solution because of the presence of Cl − ; rapid, extremely-localized pit growth occurred, leading to the breakdown of the passive film, as evidenced by the pits formed in the NaCl solution ( Figure 9 ). As indicated in Li's study [30] , BMGs containing high Cu content usually exhibit poor corrosion resistance in chloride ion-containing solutions due to the formation of soluble porous Cu-Cl films. The dissolution of elemental Cu led to pitting corrosion and the breakdown of the passive film. For an improved understanding of the surface-related chemical characteristics of the alloy, the specimens were analyzed through XPS after polarization tests in 1 N H2SO4, 1 N HNO3, 1 N NaOH, and 3 wt % NaCl solutions. The XPS spectra of the glassy Cu-Zr-Ti alloys exhibited identical peaks to those of Cu, Zr, Ti, and O after polarization tests in these solutions (Figure 10 ). In all of the cases, copper peaks were detected for the Cu-containing alloy. The Zr 3d spectrum consists of two sets of 3d5/2 and 3d3/2 peaks representing the oxidized state. The peaks located at 182.05-182.60 and 184.43-185.03 eV were assigned to Zr 3d electrons of Zr 4+ ions. Two peaks of Ti 2p1/2 and 2p3/2 from the Ti 4+ state appear at 464.06-464.84 eV and 458.46-458.94 eV. The O 1s spectrum consists of peaks originating from oxygen in metal-O-metal bonds, metal-OH bonds, or bound water. Relatively small N 1s and Cl 2p spectra were observed for the specimens in 1 N HNO3 and 3 wt % NaCl solutions, respectively, and they were assigned to NO 3− and Cl − ions on the surface film, respectively. The peaks of Cu 2p, Zr 3d, and Ti 2p correspond to species in the oxide state on the surface film. Similar peaks have been observed in Ti-Zr-Pd-Cu-Sn [31] and Ni-Nb-Ti-Zr [32] BMGs. For an improved understanding of the surface-related chemical characteristics of the alloy, the specimens were analyzed through XPS after polarization tests in 1 N H 2 SO 4 , 1 N HNO 3 , 1 N NaOH, and 3 wt % NaCl solutions. The XPS spectra of the glassy Cu-Zr-Ti alloys exhibited identical peaks to those of Cu, Zr, Ti, and O after polarization tests in these solutions ( Figure 10 ). In all of the cases, copper peaks were detected for the Cu-containing alloy. The Zr 3d spectrum consists of two sets of 3d 5/2 and 3d 3/2 peaks representing the oxidized state. The peaks located at 182.05-182.60 and 184.43-185.03 eV were assigned to Zr 3d electrons of Zr 4+ ions. Two peaks of Ti 2p 1/2 and 2p 3/2 from the Ti 4+ state appear at 464.06-464.84 eV and 458.46-458.94 eV. The O 1s spectrum consists of peaks originating from oxygen in metal-O-metal bonds, metal-OH bonds, or bound water. Relatively small N 1s and Cl 2p spectra were observed for the specimens in 1 N HNO 3 and 3 wt % NaCl solutions, respectively, and they were assigned to NO 3− and Cl − ions on the surface film, respectively. The peaks of Cu 2p, Zr 3d, and Ti 2p correspond to species in the oxide state on the surface film. Similar peaks have been observed in Ti-Zr-Pd-Cu-Sn [31] and Ni-Nb-Ti-Zr [32] BMGs. For an improved understanding of the surface-related chemical characteristics of the alloy, the specimens were analyzed through XPS after polarization tests in 1 N H2SO4, 1 N HNO3, 1 N NaOH, and 3 wt % NaCl solutions. The XPS spectra of the glassy Cu-Zr-Ti alloys exhibited identical peaks to those of Cu, Zr, Ti, and O after polarization tests in these solutions ( Figure 10 ). In all of the cases, copper peaks were detected for the Cu-containing alloy. The Zr 3d spectrum consists of two sets of 3d5/2 and 3d3/2 peaks representing the oxidized state. The peaks located at 182.05-182.60 and 184.43-185.03 eV were assigned to Zr 3d electrons of Zr 4+ ions. Two peaks of Ti 2p1/2 and 2p3/2 from the Ti 4+ state appear at 464.06-464.84 eV and 458.46-458.94 eV. The O 1s spectrum consists of peaks originating from oxygen in metal-O-metal bonds, metal-OH bonds, or bound water. Relatively small N 1s and Cl 2p spectra were observed for the specimens in 1 N HNO3 and 3 wt % NaCl solutions, respectively, and they were assigned to NO 3− and Cl − ions on the surface film, respectively. The peaks of Cu 2p, Zr 3d, and Ti 2p correspond to species in the oxide state on the surface film. Similar peaks have been observed in Ti-Zr-Pd-Cu-Sn [31] and Ni-Nb-Ti-Zr [32] BMGs. Figure 11 depicts the cationic contents of the surface films for the Cu-based glassy alloy in 1 N H2SO4, 1 N HNO3, 1 N NaOH, and 3 wt % NaCl solutions after the polarization test. After the tests in all of these solutions, the content of Zr in the surface films of the glassy alloy was higher than that of other elements in the glassy alloy. The content of Cu in the surface film was slightly lower than that of Ti in the acid (H2SO4 and HNO3) solutions, whereas the content of Cu in the surface film was higher than that of Ti in the NaOH and NaCl solutions. These observations indicate that the passive film is composed of ZrO2 and TiO2 in the H2SO4 and HNO3 solutions and ZrO2 and CuO in the NaOH and NaCl solutions. Thus, the Cu60Zr30Ti10 BMG alloy exhibits different corrosion mechanisms in different solutions. Furthermore, the XPS spectra reveal that the passive films formed after electrochemical polarization are primarily enriched in ZrO2 and TiO2 with a small amount Cu oxides for the Cu60Zr30Ti10 BMG alloy. This observation can be explained by the preferential oxidation of Zr and Ti, because elemental Zr and Ti have a high negative heat of oxide formation compared with elemental Cu [31] .
Zhang [33] asserted that the high negative heat of formation is a synergetic effect of Ti and Zr that inhibits corrosion and improves the anti-electrochemical degradation characteristics for all alloys containing them. The fact that Zr and Ti oxides are chemically more stable and structurally denser than Cu oxide can account for the enhanced corrosion resistance of the BMG alloy [34] . By contrast, the enhancement may be related to the difference in the ionizing energy of the outer-shell electrons in the atoms of constituent elements. The lower ionizing energy of the outer-shell electrons makes them more chemically active than other electrons of the atom. Zr and Ti atoms have a lower ionizing energy (6.84 and 6.82 eV, respectively) than that of Cu (7.72 eV) [34] . This facilitates faster formation of a passive film in the presence of Zr and Ti, and subsequently improves corrosion resistance and reduces the corrosion rate in this BMG system. However, Figure 11 illustrates that Ti and Zr cations are further concentrated in the surface film. By contrast, the content of Cu cations obviously decreases in the surface after the polarization Figure 11 depicts the cationic contents of the surface films for the Cu-based glassy alloy in 1 N H 2 SO 4 , 1 N HNO 3 , 1 N NaOH, and 3 wt % NaCl solutions after the polarization test. After the tests in all of these solutions, the content of Zr in the surface films of the glassy alloy was higher than that of other elements in the glassy alloy. The content of Cu in the surface film was slightly lower than that of Ti in the acid (H 2 SO 4 and HNO 3 ) solutions, whereas the content of Cu in the surface film was higher than that of Ti in the NaOH and NaCl solutions. These observations indicate that the passive film is composed of ZrO 2 and TiO 2 in the H 2 SO 4 and HNO 3 solutions and ZrO 2 and CuO in the NaOH and NaCl solutions. Thus, the Cu 60 Zr 30 Ti 10 BMG alloy exhibits different corrosion mechanisms in different solutions. Furthermore, the XPS spectra reveal that the passive films formed after electrochemical polarization are primarily enriched in ZrO 2 and TiO 2 with a small amount Cu oxides for the Cu 60 Zr 30 Ti 10 BMG alloy. This observation can be explained by the preferential oxidation of Zr and Ti, because elemental Zr and Ti have a high negative heat of oxide formation compared with elemental Cu [31] .
Zhang [33] asserted that the high negative heat of formation is a synergetic effect of Ti and Zr that inhibits corrosion and improves the anti-electrochemical degradation characteristics for all alloys containing them. The fact that Zr and Ti oxides are chemically more stable and structurally denser than Cu oxide can account for the enhanced corrosion resistance of the BMG alloy [34] . By contrast, the enhancement may be related to the difference in the ionizing energy of the outer-shell electrons in the atoms of constituent elements. The lower ionizing energy of the outer-shell electrons makes them more chemically active than other electrons of the atom. Zr and Ti atoms have a lower ionizing energy (6.84 and 6.82 eV, respectively) than that of Cu (7.72 eV) [34] . This facilitates faster formation of a passive film in the presence of Zr and Ti, and subsequently improves corrosion resistance and reduces the corrosion rate in this BMG system. However, Figure 11 illustrates that Ti and Zr cations are further concentrated in the surface film. By contrast, the content of Cu cations obviously decreases in the surface after the polarization test in all solutions. Where are the Cu ions of the sample surface in these solutions after electrochemical polarization tests? They may be present in the corrosion environment; fast dissolution of the active component Cu leads to an accumulation of Zr and Ti cations rapidly at the alloy-solution interface during the initial stage of the electrochemical polarization test; therefore, spontaneous passivation occurs. The passive films are highly enriched in Zr and Ti cations and largely deficient in Cu cations after the passive films are formed. This prevents further dissolution of Cu through the surface [31] .
In fact, the Cu 60 Zr 30 Ti 10 BMG alloy did not undergo stable passivation in the NaOH and NaCl solutions, particularly in the Cl − -containing solution. Figure 9 depicts deep corrosion pits, which are characteristic of the active nature of the Cu 60 Zr 30 Ti 10 BMG alloy in the NaCl solution after the polarization test. The development of these pits can be explained on the basis of galvanic corrosion because of the combination of a noble element such as Cu (+0.35 V) and a base element such as Zr (−1.53 V) or Ti (−1.63 V) for Cu-Zr or Cu-Ti alloys. Due to the compositional heterogeneities between Cu and Zr or Cu and Ti in the glassy matrix, which facilitate the nucleation of pits [35] , Cu-rich regions form at the metal-film interface after pit formation in Cu 60 Zr 30 Ti 10 . Enhanced local selective dissolution of active metals (Zr and Ti) occurs at some weak sites with physical or chemical defects, as a result of an autocatalytic reaction with Cl − ions. Continuous corrosion of local sites can also lead to the dissolution of elemental Cu, which is re-deposited promptly, forming a porous mass. Further corrosion attack and pit-depth growth proceed predominantly through the mesh mainly driven by the dissolution of chloride-active Zr and Ti [36] . These phenomena can explain why the Cu 60 Zr 30 Ti 10 BMG alloy has higher corrosion resistance in H 2 SO 4 and HNO 3 solutions than in NaOH and NaCl solutions.
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Conclusions
Cu60Zr30Ti10 metallic glass powder was prepared successfully through MA after 5 h of milling. For the Cu60Zr30Ti10 metallic glass powder, the glass transition and crystallization onset temperatures were 736 K and 779 K, respectively. The supercooled liquid region temperature range (ΔT) was 43 K. The as-milled Cu60Zr30Ti10 powder of the end product was consolidated into a disk with a diameter and thickness of 10 and 3 mm, respectively, at 746 K for 30 min under a pressure range of 0.72-1.20 GPa, using the vacuum hot pressing technique. The consolidation pressure suppressed crystallization in the Cu60Zr30Ti10 BMG. Furthermore, the electrochemical behavior and surface composition analysis of the Cu60Zr30Ti10 metallic glassy alloy were investigated. The Cu60Zr30Ti10 BMG consolidated using high pressure exhibited high corrosion resistance in various Figure 11 . Cationic contents in the surface films for the Cu-based glassy alloy in 1 N H 2 SO 4 , 1 N HNO 3 , 1 N NaOH, and 3 wt % NaCl solutions after polarization tests.
Cu 60 Zr 30 Ti 10 metallic glass powder was prepared successfully through MA after 5 h of milling. For the Cu 60 Zr 30 Ti 10 metallic glass powder, the glass transition and crystallization onset temperatures were 736 K and 779 K, respectively. The supercooled liquid region temperature range (∆T) was 43 K. The as-milled Cu 60 Zr 30 Ti 10 powder of the end product was consolidated into a disk with a diameter and thickness of 10 and 3 mm, respectively, at 746 K for 30 min under a pressure range of 0.72-1.20 GPa, using the vacuum hot pressing technique. The consolidation pressure suppressed crystallization in the Cu 60 Zr 30 Ti 10 BMG. Furthermore, the electrochemical behavior and surface composition analysis of the Cu 60 Zr 30 Ti 10 metallic glassy alloy were investigated. The Cu 60 Zr 30 Ti 10 BMG consolidated using high pressure exhibited high corrosion resistance in various corrosion solutions. This result is as expected because the density of Cu 60 Zr 30 Ti 10 BMG increases with pressure during consolidation. In addition, the Cu-based BMG exhibited excellent corrosion resistance after electrochemical tests in the H 2 SO 4 and HNO 3 solutions. The glassy alloy is passivated with a significantly low current density of the order of 10 −4 -10 −5 A·cm −2 and a wide passive potential region in the H 2 SO 4 and HNO 3 solutions, indicating high corrosion resistance of the glassy alloy in these solutions. The high corrosion resistance of the alloy is attributed to its chemically homogeneous nature and the passive film being composed of ZrO 2 and TiO 2 , a highly protective thin surface film in corrosive solutions. In the NaOH solution, at the beginning of polarization, the current values were scattered, as represented by two or three active current peaks. Metastable pitting corrosion on surface defects, such as micropores, formed during consolidation or the competition between the formation of active CuO and passive ZrO 2 and TiO 2 surface layers may have caused this scattering. For Cu 60 Zr 30 Ti 10 BMG tested in the NaCl solution, extremely localized pit growth occurred rapidly, leading to the breakdown of the passive film through the galvanic corrosion mechanism.
